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Abstract
We have successfully constructed a 200 m high temperature superconducting (HTS) cable test facility for DC
transmission in 2010. This coaxial power cable is composed of two superconducting (SC) conductors of DI-BSCCO
tapes spirally surrounding a copper former. The tapes are arranged closely to make the magnetic ﬁeld lines surrounding
the cable uniformly. The number of tapes in each conductor is diﬀerent because of their diﬀerent radii. Previously,
we have investigated the dependence of critical current (Ic) on the gap between the tapes in order to optimize the cable
conﬁguration for DC transmission.
This paper report the investigation of Ic distributions in the multi-layer conductors which consist of 2, 3 and 4 tapes
with a tape-on-tape structure by setting currents in each tape separately. The Ic measurement is performed with four-
probe method at 77 K. The Ics of the tapes in the diﬀerent structures are measured and compared with that of the single
one. The enhancement and degradation of Ic are observed due to magnetic ﬁeld interaction and magnetic shielding
between the tapes in the multi-layer conductors. We will present the experimental results and show the dependence of
the Ic distribution in the multi-layer conductors on the structures and transport currents in the neighboring tapes.
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and Peter Kes.
Keywords: HTS cable, Critical current, BSCCO, Magnetic ﬁeld eﬀect, DC transmission
PACS: 74.25.Sv, 84.71.Mn, 88.80.hr
1. Introduction
Due to the improvements of high temperature superconducting tapes (HTS) with high critical current
(100 A) [1], power applications such as HTS power cables have been being studied in many countries
[2, 3, 4]. Since 2006, we started to study the HTS cable for DC transmission since there is no AC loss in
comparison with that for AC transmission [5]. Based on the experiments of the 20 m HTS cable, we con-
tinued to study the performance of the HTS cable for DC power transmission and successfully constructed
a 200 m HTS cable test facility for DC transmission in 2010 [6]. The HTS cable is installed into a vacuum
insulated cryogenic pipe and operated at about 77K by the circulation of the liquid nitrogen. A measurement
system composed of 600 channels was developed to monitor the system [7].
The 200 m cable was made by Sumitomo Electric Industries, Ltd (SEI). The cable has a coaxial structure
composed of two superconducting (SC) conductors for each polarity of the DC power as shown in Fig. 1.
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The DI-BSCCO® tapes were used as SC conductors and spirally surrounding a copper former in the center of
the cable. The tapes were arranged closely to make the magnetic ﬁeld lines surrounding the cable uniformly.
The number of the tapes in each conductor is diﬀerent because of their diﬀerent radii. There are 23 tapes for
the inner conductor and 16 tapes for the outer conductor, respectively.
Inner conductor 23 / Outer conductor 16      
Inner conductor Outer conductor
(a)
(b)
Fig. 1: A photo of a coaxial HTS cable composed of two superconducting conductors (a) and a scheme of
bipolar power transmission for DC power (b).
Previously, we reported the eﬀects of the gap on the critical current (Ic) in order to optimize the cable
conﬁguration for DC transmission [8]. In the monolayer composed of three paralleled straight tapes, the Ic
of the middle tape increased with decreasing the gaps between the tapes and approached to that of a single
one with increasing the gaps. The HTS tapes for applications such power cable should have high current
capacity (∼ 10 kA) [9]. Since the current of one HTS tape is limited, numerous tapes should be utilized
and arranged in the multi-layer structure, which motivates us to study the performance of the multi-layer
conductors.
The eﬀects of the multi-layer conductors were studied by many researchers [10, 11, 12]. This paper
will present the investigation of Ic distributions in the multi-layer HTS conductors which consist of 2, 3
and 4 tapes with a tape-on-tape structure by setting transport currents in each tape independently. The Ic
measurement is performed with four-probe method at liquid nitrogen temperature. The Ics of the tapes
in the diﬀerent structures are measured and compared with that of the single one. The enhancement and
degradation of Ic are observed. We will present the experimental results and show the dependence of the Ic
distribution in the multi-layer conductors on the structures and transport currents in the neighboring tapes.
2. Experiments
The DI-BSCCO® tapes (Type HT-CA) are used in the experiment [13, 14]. Table 1 shows the speciﬁ-
cations of the BSCCO tape. The cross section of the BSCCO tape is 4.5 mm × 0.35 mm. The thickness
of the BSCCO tape includes the thickness of the reinforcing copper laminated layer, which is 0.05 mm on
both sides of the silver-sheathed multi-ﬁlamentary Bi-2223 matrix area to improve the mechanical strength
of the tape [14]. The Ics of BSCCO tape is 160 A in the self ﬁeld at 77 K. The tapes were prepared by the
powder in tube (PIT) with the controlled over pressure sintering technique by SEI [13].
DI-BSCCO tape
Width 4.5 mm
Thickness 0.35 mm
Ic (77 K, s. f.) 160 A
Type HT-CA
Table 1: Speciﬁcations of the BSCCO tape.
The measurement of Ic is similar with that of the previous report [8]. The samples with the length of
∼ 27 cm are used in consideration as an inﬁnitely long wire. Three voltage taps are attached on the tapes
with the distance of 8 and 10 cm. The tapes in the multi-layer tape conductors are insulated with each
other by surrounding each tape with one Kapton tape layer. Fig 2 shows the arrangements of the multi-
layer conductors composed of 2, 3 and 4 tapes with a tape-on-tape structure and a photo of the setup for a
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3-layer tape conductor. Two power supplies with the rated currents of 1200 A and 300 A are used to set
the transport current in the tapes separately. As shown in Figs. 2 (a)-(h), the currents are fed into the multi-
layer conductors with the diﬀerent current conﬁgurations. The transport current is measured by a current
shunt resistor. The voltage signals are measured by a KEITHLEY 2700 multimeter. The I - V curves are
measured by the standard four-probe method at the temperature of 77 K by immersing the samples into the
liquid nitrogen in the air. In the 2-layer conductor, the target sample is one of them. The target samples are
the middle tape and the middle two tapes for the 3-layer and 4-layer tape conductors, respectively.
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
3 layer insulated tapes
Voltage tapsFRP holder
Copper 
current 
lead
(i)
Fig. 2: (a) - (h) The conﬁguration of the current feeding mode for 2-layer, 3-layer and 4-layer conductors.
(i) a photo of the experimental setup for the 3-layer conductor.
3. Results and discussion
The E - I characteristic curves of the BSCCO tape are obtained by normalizing the voltages to the
distance between the voltage taps. Figs.3 (a) - (c) show the comparisons of the E-I characteristic curves
of the BSCCO tape for single and multi-layer tape conductors with the diﬀerent current feeding mode.
The signiﬁcant diﬀerence of the E-I characteristic curves is shown between the multi-layer tape conductors
and the single one. Comparing with the single tape, the Ic of the BSCCO tape is enhanced even if no
current applied to the neighboring tapes in the multi-layer tape conductors, which results from the magnetic
shielding eﬀects of the neighboring tapes [10, 12].
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Fig. 3: The E-I characteristic curves of the BSCCO tape for single and 2-layer (a), 3-layer (b) and 4-layer
(c) tape conductors with the diﬀerent currents feeding mode.
Figs. 4(a)-(c) summarize the Ic of the BSCCO tape in the multi-layer tape conductors with respect to
the applied current to the neighboring tapes. The measured Ic is determined with the electric ﬁeld criterion
of 1 μV/cm. The Ic of single BSCCO tape is measured to be 164 A (sample A), 161 A (sample B), 164 A
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(sample D) and 161 A (sample E), respectively, which are a little larger than that in the speciﬁcations. In the
case of 2-layer and 3-layer tape conductors, the Ics decrease with increase of the current in the neighboring
tapes. When there is no current applied to the other tapes, the Ics of sample A and B become 183 A and
177 A, respectively. It is obvious that the current with the same direction fed into the tapes for the 2-layer
and 3-layer conductors leads to decrease of the Ic. However, the anti-direction current feeding between
each tape enhance the Ic of the tape in the 2-layer conductor and the middle tape in the 3-layer conductor.
Hence, in the case of the 4-layer conductor, the currents with anti-direction between the neighboring tapes
are transported through the 4-layer conductor as shown in Fig. 2(g) and (h). The Ic of second and third tape
in the 4-layer conductor become larger than 210 A as shown in Fig. 4(c).
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Fig. 4: The Ic of a BSCCO tape (I1) in 2-layer (a), the middle tape (I2) in 3-layer (b) and the middle two
tapes (I2 and I3) in 4-layer (c) tape conductors with respect to the current in the neighboring tapes.
Figure 5 shows the increase of Ic for the multi-layer tape conductors with respect to the current applied
to the neighboring tapes in comparison with that for the single one. With the anti-direction current feeding
of −160 A, the Ics are improved by 38%, 50% and 29% for 4-layer, 3-layer and 2-layer tape conductors,
respectively.
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Fig. 5: The ratio of the increase of Ic in the multi-layer conductors with respect to the neighboring current.
We calculate the magnetic ﬁeld distribution by the commercial ﬁnite element method code (ANSYS)
[15, 16, 17]. To illustrate the eﬀect of the self-ﬁeld by the neighboring tapes, Figs. 6(a)-(g) present the
magnetic ﬁeld distribution for single tape, 2-layer, 3-layer and 4-layer tape conductors, respectively. The
transport current is 160 A and assumed to be uniformly distributed in the cross section of the Ag-sheathed
BSCCO ﬁlaments zone. Hence the cross section of the transport current area is assumed to be 4.5 mm
× 0.25 mm without the laminated copper layer [14]. Figs. 6(b)-(d) show the magnetic ﬁeld distributions
for the multi-layer tape conductor with the anti-direction current feeding between the neighboring tape in
comparison with those with the same current feeding in Figs. 5(e)-(g). The magnetic ﬂux density in the
BSCCO ﬁlament area is strengthened for the multi-layer tape conductors with the same current feeding
comparing with that of the single one as shown in Figs. 6(e)-(g) and 6(b). For the anti-current feeding, the
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magnetic ﬂux density in the tape area is reduced compared with that in the single one.
Single: I = 160 A
2-stack: I1 = 160 A,  I2 = -160 A 2-stack: I1 = 160 A, I2 = 160 A
3-stack: I1 = -160 A, I2 = 160 A
I3 = -160 A
3-stack: I1 = 160 A, I2 = 160 A
I3 = 160 A
4-stack: I1 = -160 A, I2 = 160 A
I3 = -160 A, I4 = 160 A
4-stack: I1 = 160 A, I2 = 160 A
I3 = 160 A, I4 = 160 A
(a)
(b)
(c)
(d)
(e)
(f)
(g)
Bsum (T)
0 .015 .03 .06.045 .075
Fig. 6: The calculated contour images of the magnetic ﬂux density distributions for the multi-layer conduc-
tors by the ﬁnite element code (ANSYS) [15].
Table 2 shows the maximum magnetic ﬂux density Bmax of the magnetic ﬁeld distributions for the multi-
layer tape conductors. When the same current are fed into each tape, the Bmax increases with increasing the
number of the layers. However, the Bmax for anti-direction current feeding is similar with each other in spite
of the number of the layers.
Number of layers 1 2 3 4 8
++ 0.03319 0.04869 0.06765 0.07328 0.10675
+− 0.03319 0.04119 0.03076 0.03848 0.03575
Table 2: The maximum magnetic ﬂux density of the magnetic ﬁeld distributions for the multi-layer conduc-
tors calculated by ANSYS code [15]. ++ : same current and +−: anti-current feeding.
Both the calculation of the magnetic ﬁeld distributions and the measurements of the Ics in the multi-layer
BSCCO conductors suggest that the anti-direction current feeding through the multi-layer tape conductors
could enhance the superconductivity of the BSCCO tape in the HTS cable. In the case of the HTS cable for
DC power transmissions and distributions, we could apply the current to a multi-layer cable with bipolar
current feeding between each neighboring layer as shown in Fig. 7.
4. Conclusion
We investigated the eﬀect on the critical current of the BSCCO HTS tapes of the multi-layer tape con-
ductors consist of 2, 3 and 4 tapes. The current feeding mode aﬀects the performance of the tape in the
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+ -
Fig. 7: A scheme of a multi-layer tape conductor with anti-current feeding mode for DC power transmission.
multi-layer tape conductors. With anti-direction current applied to each tape in the multi-layer HTS conduc-
tors, the critical currents of BSCCO tape increase sharply up to 210 A, 235 A and 220 A for 2-layer, 3-layer
and 4-layer conductors, respectively. The Ics are enhanced with the anti-direction current feeding between
the neighboring tapes in spite of the number of the layers. It is in agreement with the calculation of the
magnetic ﬁeld calculations by the ﬁnite element method. Thereafter, the critical current is enhanced in the
anti-current feeding between the neighboring tapes in the multi-layer conductors and we could make a multi-
layer cable with bipolar current feeding between each adjacent layer especially for DC power transmissions
and distributions.
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